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Nitrate Reductase Activity in Maize (Zea mays L.) Leaves

II. REGULATION BY NITRATE FLUX AT LOW LEAF WATER POTENTIAL'
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ABSTRACT

Experiments were conducted to determine whether the nitrate flux to
the leaves or the nitrate content of the leaves regulated the nitrate
reductase activity (NRA) in leaves of intact maize (Zea mays L.)
seedlings having low water potentials (V) when other environmental
and endogenous factors were constant. In seedlings that were desiccated
slowly, the nitrate flux, leaf nitrate content, and NRA decreased as ¥,
decreased. The decrease in nitrate flux was caused by a decrease in both
the rate of transpiration and the rate of nitrate delivery to the transpira-
tion stream. Upon rewatering, the recovery in NRA was correlated with
the nitrate flux but not the leaf nitrate content.

Recovery depended on protein synthesis, since recovery could be
prevented in excised leaves if an inhibitor of protein synthesis was
present. However, it also depended on a high nitrate flux, since recovery
could be prevented if there was no nitrate flux, despite a relatively high,
constant leaf nitrate content, a high ¥, and the absence of an inhibitor
of protein synthesis.

The synthesis of NRA could be increased at low ¥, if seedlings were
desiccated in the presence of additional nitrate, which increased the
nitrate flux to the leaves. Since the decrease in NRA at low ¥, could be
relieved by increasing the nitrate flux and recovery also depended on
nitrate flux, the inhibition of NRA at low ¥, was not controlled by a
direct effect of ¥, on protein synthesis nor by alterations in the leaf
nitrate content, but rather by a decrease in the nitrate flux that in turn
regulated the synthesis of the enzyme.

Nitrate reductase activity is sensitive to changes in the water
status of plants and is inhibited when the water potential of
plants declines (1, 9, 14). Morilla et al. (14) concluded that the
inhibition was due to a decline in the rate of synthesis of the
enzyme rather than an increased rate of degradation or a direct
effect of water potential on enzyme activity. NRAS3 varied inde-
pendently of leaf nitrate content. Since nitrate reductase is
inducible by nitrate (2), tissue levels of nitrate appeared to be
sufficient for induction of the enzyme. However, Morilla et al.
(14) could not eliminate the possibility that low ¥,, could have
prevented the movement of nitrate to the induction site, whereas
a return to high ¥, could have made nitrate available again for
induction of NRA. The specific signal(s) regulating NRA at low
V., were not identified.

In maize leaves there are two possible sources of nitrate that
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might be utilized for the induction of NRA. One is the nitrate
within the leaves and the other is the nitrate moving to the leaves
from the roots (18). In maize seedlings having adequate water,
extractable NRA is regulated more by the nitrate flux from the
roots to the shoot than by the nitrate content of the leaves (18).
Therefore, the objective of this work was to explore more fully
whether either of these forms of nitrate could result in the
regulation of NRA at low ¥,,.

MATERIALS AND METHODS

Plant Tissue, Growth Conditions. Maize plants (Zea mays L.
Illinois Foundation FR43xFR14A) were grown for 8 to 14 days
from seed in Vermiculite and were watered by subirrigation with
a modified Hoagland solution as previously described (18).
Desiccation was initiated by terminating subirrigation of the
plants. Leaf ¥, was measured by the isopiestic technique with a
thermocouple psychrometer, as previously described (4), in the
same tissue used for determination of NRA and nitrate content.

Extraction and Assay of NRA and Leaf Nitrate Content.
Samples (1 g) of leaf tissue taken from all the leaves of several
plants were ground for 35 sec with a Polytron (Brinkman Instru-
ments, N. Y.) in 6 ml of extraction medium (18). The homoge-
nate was centrifuged at 27,000g for 15 min, and the supernatant
was used to assay both NRA (17) and leaf nitrate content (13).
NRA was expressed on the basis of dry weight. The assays were
conducted between the 3rd and 9th hr of the photoperiod when
the NRA remained constant within 10%, and endogenous fac-
tors regulating the activity of the enzyme were not operating or
were constant. All experiments were repeated at least twice.

Collection of Xylem Sap. Previous work (18) demonstrated
that the nitrate concentration of the first 10 ul of xylem sap
expressed under pressure from a freshly detopped root system
represented the nitrate concentration that was moving through
the xylem prior to excision. Therefore, this method was used to
collect xylem sap and the nitrate content of the sap was mea-
sured by the technique of McNamara et al. (13).

Transpiration Measurements. Rates of transpiration were
measured by determining the rate of change in weight of pots
containing the experimental plants. Corrections for surface
evaporation were made by subtracting the rate of change in
weight of identically treated containers without plants. Transpi-
ration rates were varied in well watered plants by changing the
relative humidity around the leaves as previously described (18).

RESULTS

When 8-day-old maize seedlings were desiccated, there was a
steady decrease in NRA as ¥, decreased (Fig. 1, A and E).
Upon rewatering the tissue with a nitrate-free medium, NRA
recovered to 80% of the control level, and ¥, also recovered
(Fig. 1, A and E). The leaf nitrate content decreased steadily
and then remained constant, even when the plants were rewa-
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Fic. 1. Effects of desiccation on (A) leaf water potential, (B) leaf
nitrate content, (C) transpiration rate and nitrate flux, (D) nitrate
content of xylem exudate, and (E) NRA in 8- to 14-day-old maize.
Nutrient solution was withheld on day zero, and arrow indicates when
the plants were rewatered with a nitrate-free nutrient solution. Data for
controls: B: leaf nitrate content, 350 + 30 umol-g DW~!; C: transpira-
tion rate, 8 + 0.3 g-g DW~'-hr™'; D: nitrate content of the xylem
exudate, 22.5 = 2 umol-ml~'; E: NRA, 250 * 10 umol NO,™-g
DW-!-hr! for days 1 to 3 and 200 = 10 umol NO,”-g DW~'-hr™! on
days 4 to 6. Bars around points indicate + one standard deviation. Points
represent measurement taken from individual pots containing seven
plants each. Nitrate content of the exudate was determined from one
plant in each pot.

Nitrate Reductase Activity

tered (Fig. 1B). The nitrate content of the xylem exudate also
decreased and remained low (Fig. 1D). Transpiration decreased
at low ¥, but increased upon rewatering (Fig. 1C). The nitrate
flux to the leaves, computed from the product of the transpira-
tion rate and the nitrate content of the xylem sap, decreased at
low ¥, (Fig. 1C), but recovered partially upon rewatering (Fig.
1C). This probably occurred because of residual nitrate in the
system in spite of the lack of nitrate in the rewatering solution.
Thus, NRA was correlated with nitrate flux but not with leaf
nitrate content during recovery.

The decreased rate of water movement through the plant at
low ¥, may have affected the roots directly so that they were
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unable to accumulate nitrate as effectively as when transpiration
was rapid. This possibility was tested by varying the rate of
transpiration in intact, but undesiccated, plants. Unlike the des-
iccated system, there was no decline in NRA or nitrate flux as
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Fic. 2. Effects of varying the relative humidity around the leaves on
(A) leaf water potential, (B) leaf nitrate content, (C) transpiration rate
and nitrate flux, (D) nitrate content of the xylem exudate, and (E) NRA
in 8- to 12-day-old maize. The inset in D gives the changes that occurred
in the absolute levels of nitrate in the xylem sap of the plants throughout
the experiment. To decrease transpiration, the entire group of plants was
subjected to a higher humidity on each day as the experiment pro-
gressed. Points represent measurements taken from individual pots con-
taining seven plants each. Nitrate content of the exudate was determined
from one plant in each pot. Data for controls: B: leaf nitrate content,
400 % 40 umol-g DW~!; C: transpiration rate, 7 = 0.5 g-g DW~!-hr};
D: nitrate content of the xylem sap shown in inset; E: NRA, 250 + 10
pmol NO,;-g DW~!-hr! until day 2 and 225 * 2 umol NO, -g
DW~'-hr™! on day 3. Bars around points indicate * 1 sp.
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Fic. 3. Effects of decreasing water potentials on (A) leaf nitrate
content, (B) nitrate flux, and (C) NRA in maize seedlings with different
concentrations of nitrate in the rooting medium. Nutrient solution was
withheld on day 8 after planting, and desiccation occurred for 4 days.
Nutrient solution containing 15 mu nitrate was supplied to all the plants
prior to desiccation, except that nutrient solution containing 45 mMm
nitrate (25 mmM KNOj; and 10 mm Ca(NO;),) was supplied to half of the
plants on the last day prior to desiccation. Each point was determined
from individual pots containing 10 plants each, except that the nitrate
content of the xylem exudate was determined from one plant in each pot.
Data for controls: A: leaf nitrate content, 350 = 30 umol-g DW~'; B:
nitrate flux, 150 + 20 umol-g DW~'-hr~'; B: inset, transpiration rate, 8
+ 0.3 g-g DW™!'-hr!; nitrate content of the xylem sap, 20 * 2
umol-ml~'; C: NRA, 210 £ 15 umol NO,~-g DW~'-hr~!. Bars around
points indicate + 1 sb.

transpiration decreased, except at very low rates of transpiration
(Fig. 2). The nitrate flux remained at the control level due to an
increase in the nitrate concentration of the xylem sap as transpi-
ration decreased. At very low transpiration rates, the nitrate flux
began to decrease (Fig. 2C) and NRA decreased somewhat. The
results show that the decreased movement of water through the
plant did not directly affect the ability of the roots to deliver
nitrate to the shoots, except at very low rates of water move-
ment.

Time (hr)

Fig. 4. Effects of cycloheximide upon the recovery of (A) leaf water
potential, (B) leaf nitrate content, and (C) NRA in rapidly rehydrated
leaves from 14-day-old plants that had been unwatered for 6 days.
Leaves were rehydrated by excision under degassed water containing
buffer, nitrate, and, for half the leaves, cycloheximide (50 ug-ml™?).
Controls consisted of excised 14-day-old leaves that had been well
watered throughout. The time axis indicates the time after excision. Bars
around points indicate * 1 sp.

To determine whether NRA was limited by the availability of
nitrate for induction of the enzyme at low ¥, the nitrate flux
was increased at low ¥, by supplying the seedlings with 3-fold
(45 mwm) the usual nitrate (15 mm) on the day prior to the onset
of desiccation. The nitrate flux at low ¥, was approximately
doubled by this treatment (Fig. 3B). This difference was not
caused by altered rates of transpiration, but rather by changes in
concentration of nitrate in the xylem sap (Fig. 3B, inset). Leaf
nitrate content at low ¥, was higher in the seedlings with
supplemental nitrate than in those without the supplement (Fig.
3A). NRA also was higher in the seedlings with supplemental
nitrate (Fig. 3C). Therefore NRA responded to nitrate even
though ¥, was low.

To distinguish whether NRA at low ¥, was controlled by the
nitrate flux or by direct effects of low ¥, on protein synthesis,
leaves having low ¥, were excised to remove sources of nitrate
in the lower portions of the plant, and the excised leaves were
rehydrated in the presence or absence of exogenous nitrate.
NRA increased considerably when exogenous nitrate was pres-
ent (Fig. 4C), although there was little increase in leaf nitrate
content (Fig. 4B). If the protein synthesis inhibitor, cyclohexi-
mide, was present, NRA did not increase (Fig. 4C). If nitrate
was withheld from the leaves during recovery, NRA also did not
increase, although no inhibitor of protein synthesis had been
supplied and ¥, recovered quickly to the control level (Fig. 5).
The leaf nitrate content was approximately the same as in plants
rewatered in the presence of nitrate (Fig. 5).

DISCUSSION

The results show that NRA at low ¥, was controlled by the
nitrate flux which in turn regulated the rate of synthesis of the
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Fic. 5. Effects of the presence or absence of nitrate upon the recov-
ery of (A) leaf water potential, (B) leaf nitrate content, and (C) NRA in
rapidly rehydrated leaves from 14-day-old plants that had been unwa-
tered for 6 days. Leaves were rehydrated by excision under degassed
water containing buffer and, for half the leaves, nitrate (12.5 mM).
Controls consisted of excised 14-day-old leaves that were well watered
throughout. The time axis indicates hours after excision. Bars around
points indicate + 1 sp.

enzyme. There is considerable evidence that rates of protein
synthesis decrease as ¥,, decreases and increase as ¥, increases
(8). Also, NRA has been shown to decrease at low ¥, because
of decreased rates of synthesis of the enzyme and recover be-
cause of increased synthesis (14). Decreased NRA at low ¥,
was not caused by altered rates of enzyme degradation or direct
effects of low ¥, on the enzyme (14).

Nevertheless, it has been unclear whether these changes in
protein synthesis and NRA in particular result from a direct
effect of low ¥, on protein synthesis or whether the changes
arise indirectly from alterations in the signals that in turn control
the synthesis of specific proteins at low ¥,. Thus, in our experi-
ments, low ¥, may have acted directly on protein synthesis or an
associated process, with decreased NRA as a consequence. Al-
ternatively, low ¥, may have altered nitrate availability that in
turn could have controlled the synthesis of NRA, since NRA is
known to be induced by nitrate (2).

Two experiments showed that the second alternative was op-
erating in desiccated maize. First, NRA was higher at low ¥, if
nitrate availability increased (Fig. 3). If low ¥, had regulated
NRA by acting directly on protein synthesis, an improvement in
the availability of nitrate should not have affected the rate of
synthesis of NRA, since ¥, was not changed. Second, the
recovery of NRA was prevented in rehydrated maize leaves by
depriving the tissue of an external source of nitrate (Fig. 5). If
low ¥, had regulated NRA by directly inhibiting protein synthe-
sis, rehydration of the tissue should have released the inhibition
and increased NRA should have been observed. The lack of
recovery of NRA in the absence of a nitrate flux indicates that
synthesis of the enzyme remained low. Indeed, NRA decreased
during recovery of ¥, in the absence of a nitrate flux. This lack
of enzyme synthesis was confirmed with the inhibitor of protein
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synthesis, cycloheximide, which caused an effect on NRA vir-
tually identical with that caused by the absence of a nitrate flux
(cf. Figs. 4 and §).

The source of nitrate that controlled NRA was the nitrate
moving to the leaves from the roots rather than the nitrate
content of the leaves. In intact plants, NRA recovered upon
rewatering even though leaf nitrate content remained constant
(Fig. 1). The nitrate flux increased during recovery, however.
On the other hand, when the nitrate flux was kept low during
rehydration, NRA did not recover despite a constant nitrate
content of the leaves (Fig. 5).

The primary cause of the decreased nitrate flux at low ¥, was
the decrease in the ability of the roots to supply nitrate to the
transpiration stream. When the decreased nitrate transport by
the roots was coupled with the decreased transpiration at low
¥, the combined effects on the nitrate flux were large (Fig. 1).
When ¥, is low, root transport of ions to the xylem may be
affected both by soil-ion availability (20) and by the ability of
roots to absorb and transport ions to the shoot (6, 15, 16).
However, since a higher nitrate flux occurred when supplemen-
tal nitrate was present around the roots at low ¥, (Fig. 3), the
roots must have been capable of transporting additional nitrate.
Thus, soil-ion availability may have been more limiting than root
activity for nitrate transport at low ¥, in our experiments.

It might be argued that changes in NRA at low ¥, reflected
over-all changes in the nitrogen nutrition of the plants that
resulted in altered rates of protein synthesis. However, this
interpretation is not consistent with the results of the recovery
experiments (Figs. 4 and 5). The recovery experiments showed
that NRA increased within 3 hr even though the nitrate content
of the leaves was virtually unchanged. Therefore, NRA was
immediately responsive to the increased nitrate flux, but the
over-all nitrogen status of the leaves remained essentially the
same.

The inhibition of transpiration at low ¥, when taken alone,
could not account for the decreased nitrate flux to the leaves,
since nitrate delivery to the xylem was almost constant for a wide
range of transpiration rates if water was adequately supplied to
the roots (Fig. 2). Although the nitrate flux was generally inde-
pendent of the rate of transpiration (3, 5, 12), nitrate delivery
decreased when transpiration was very low (Fig. 2). This phe-
nomenon has been noted by others (7, 10, 12), but it is not clear
why it occurs. Equally unclear is the reason NRA decreased only
slightly under these conditions (Fig. 2). We assume that nitrate
also may have moved to the shoot by means other than the
transpiration stream and, therefore, would have been unde-
tected by our measurement of nitrate flux. This hypothesis is
supported by the large loss in NRA that we previously observed
(18) when all forms of nitrate movement to the leaves were
prevented by withholding nitrate from the roots of plants having
adequate water.

Since NRA is controlled by a number of factors other than
nitrate flux, including both environmental factors and endoge-
nous regulators (2), it was important to conduct the experiments
under conditions that were not confounded by these phenom-
ena. In the present work, care was taken to assay NRA in plants
of the same age in light, under constant environmental condi-
tions (except for water and nitrate availability), and during a
time when NRA was nearly constant. Thus, environmental and
endogenous factors should not have affected the results.

The conclusion that NRA is regulated by nitrate flux at low
¥, does not imply that direct effects of ¥, on protein synthesis
are entirely absent. We cannot exclude the possibility that the
synthesis of enzymes other than nitrate reductase might be
affected by some type of direct alteration of protein synthesis by
low ¥,,. However, such a direct effect was not large enough to
control NRA in our experiments.

It has been proposed that low water availability to plants may
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cause enzyme activities to change because of changes in the free
energy of water within the cells (11, 19), changes in spatial
relationships of membrane systems, volume changes, and con-
centration effects resulting from losses of water, or decreases in
the water of hydration surrounding macromolecules (8). None of
these phenomena appear to apply to nitrate reductase. NRA
responded to the flux of the inducer of the enzyme at low ¥,
which in turn was controlled by root uptake and transpiration
effects. Although NRA is the first enzyme for which the desicca-
tion-altered signal has been identified, the uniqueness of the
signal for NRA makes it unlikely that the enzyme complement of
a cell responds solely to a general signal produced at low ¥, .
Rather, the regulatory mechanisms operating at low ¥,, may be
specific for each enzyme and varied in character.
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